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r’ower  Spectrum  Analysis  of  art  Rate  Fluctuation: 

Quantitative  Probe  of  Beat-to-Beat  Cardins  ascutar  Control^ 

Abstract.  Poster  sntitrun:  ana/xsis  of  hear!  rule  Hut  tuatii'ns  provides  a  q.mntita- 
live  r.onir.vasit  e  mean  s  <>/ assessing  the  functioring  of  tin  short-term  cardiovascular 
control  sx stems.  VVV  slum  that  sympataclie  and  parasvmpathctic  nervous  actisitv 
make  frequency-specific  contributions  to  the  heart  rate  pott  er  spectrum,  and  that 
renin-angiotensin  system  activity  strongly  cumulates  the  amplitude  of  the  speitral 
peak  located  at  Os  hi  hertr.  Our  data  therefor  t  provide  evident  e  that  the  renin- 

angiotensin  sxste/n  plays  a  significant  role  in  short-term  cardiovascular  control  or. 
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'-hC  this  report  wc  demonstrate  that 
1  random  process  analysis  of  beat-to-beat 
(*,•**1  fluctuations  in  heart  rate  provides  a  sen- 
sitive.  quantitative  and  noninvasive  mea- 
;*A  sure  of  the  functioning  of  the  principal 
rapidly  reacting  cardiovascular  control 
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st  stems:  the  sympathetic,  parasympa¬ 
thetic.  and  renin-angiotensin  systems. 

It  has  long  been  recognized  that  the 
instantaneous  heart  rate,  arterial  blood 
pressure,  and  other  hemodynamic  pa¬ 
rameters  fluctuate  on  a  beat-to-beat  ba- 
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Fig  I .  (a)  Power  speetrum  ofhcari  rale  flmlualions  ip  iho  adult  conscious  d-ie.  I\>wer  spec ’rum 
is  normalized  so  dial  the  iniee-al  of. si  ri  is  t;ie  variance  of  'lie  he.nt'.ale  llnelin. lions  disuled  hy 
the  square  of  i!.c  mean  heart  rale,  (hi  Power  spcstium  <<i  hear!  rale  fluctuations  under 
para»ymn:ilhetic  blockade  and  combined  parasvmpaiheiis.  and  sympathetic  I'.adrencrpv  block¬ 
ade.  (C)  Aica  of  low -Irequencv  peak  as  a  function  of  mean  aortic  blood  messure  dining 
sympathetic  anu  pai.tsymp.uhelic  blockade,  id)  Area  undi  r  low-frequency  peak  before  and 
after  rcnm-ungiolensin  system  blockade  by  convening  cn/vmc  inhibitor,  in  dogs  T.  B.  and  X. 
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.  This  beat-lo-beat  varuhihtv  was 
documented  by  Stephen  Haics  ■.  !i  m 
18th  century  when  he  perii'rnicd  ts  ,  i-i 
quantitative  measurements  of  i.  a 
bh>«>d  pressure.  He  noted  the  coirc  . 
between  the  respiratory  cycle,  h. .c 
pressure  level,  and  interbeat  inter- a 
Although  physicians  have  lone  consid¬ 
ered  the  beat-to-beat  variation  in  heart 
rate  or  "the  normal  sjnus  arrhythmia"  as 
a  salutary  cardiovascular  sicn.  its  uircei 
clinical  importance  was  perhaps  first 
demonstrated  in  the  area  of  fetal  moni¬ 
toring  (D.  The  diminution  of  the  heut-io- 
beat  variation  in  the  fetal  heart  rate  dur¬ 
ing  labor  signifies  fetal  distress  and  the 
need  for  rapid  delivery.  Despite  the  long¬ 
standing  recognition  of  beat-to-beat  vari¬ 
ation  in  hemodynamic  parameters  and 
the  established  clinical  relevance  of  this 
variation,  there  have  been  remarkably 
few  efforts  to  characterize  mr.thematica  - 
ly  the  physiologic  mechanisms  that  gen¬ 
erate  these  fluctuations. 

It  is  currently  bc'ieved  that  beat-to- 
beat  fluctuations  in  hemodynamic  pa¬ 
rameters  reflect  the  dynamic  response  of 
the  cardiovascular  control  systems  to  a 
host  of  naturally  occurring  physiological 
perturbations.  For  example,  central  arte¬ 
rial  and  venous  blood  pressures  are  con¬ 
tinually  perturbed  as  a  result  of  the  ec- 
clic  variation  in  intrathorac  ic  pressure 
associated  with  respiration  and  also  by 
fluctuations  in  peripheral  vascular  resist¬ 
ance  resulting  from  the  autoregulation  of 
local  blood  flow  in  tissue  beds.  The 
sympathetic  and  parasympathetic  ner¬ 
vous  systems  are  usually  considered  to 
be  the  principal  systems  involved  in 
short-lerm  cardiovascular  control  on  the 
time  scale  of  seconds  to  minutes.  It  has 
been  suggested  that  the  renin-angioten¬ 
sin  system  could  also  play  a  role  in  short¬ 
term  cardiovascular  control  (.?),  nlthongn 
direct  evidence  has  not  been  available  to 
demonstrate  such  a  role  under  normal 
physiologic  conditions. 

The  rapidly  reacting  control  systems 
maintain  cardiovascular  homeostasis  by 
responding  to  beat-to-beat  perturbations 
that  are  sensed  by  a  variety  of  pressore¬ 
ceptors  and  chcmoreceptors.  The  e fler- 
cnl  limbs  of  these  control  systems  im¬ 
pinge  both  on  cardiac  function.  ;  iteriiie 
heart  rate,  atrioventricular  conduction, 
and  contractility,  as  well  as  impinging  on 
the  peripheral  vasculature,  altering  arte- 
rial  and  venous  vasomotor  tone. 

Sayers  and  other  (•/.  5)  analyzed  the 
frequency  content  of  heart  rate  fluctua¬ 
tions  by  measuring  their  power  spec- 
rum.  In  this  pioneering  work,  they 
:  bowed  that  in  addition  to  the  v  ell- 
known  fluctuations  in  heart  rate  issoei- 
ated  with  the  respiratory  cycle,  there  tire 
si  u  nit.  voi.  :n.  mjci 1  i-*m 
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j:>,'  ■  c.’iod.c  fluciu  iiions  m  he. n  l  rate 
occurring  at  lower  lre.iiien.-i.;s  Aceoid- 
in ■:! y .  .re  power  spi_ctft.ni  iscc  l  ie.  I.it 
of  the  hear:  rate  fluctuations  contain  not 
only  a  peak  ccr'cred  at  lire  respiratory 
frequence  hut  also  peaks  al  i«o  lower 
frequencies.  tvpiially  t)  t>4  and  0.12  Hz. 
Ihe  work  of  Hyndman  and  kitncy  irtl 
suggests  that  the  low  -frequency  peak  is 
related  to  cyclic  fluctuations  in  peripher¬ 
al  vasomotor  tone  associated  with  ther¬ 
moregulation.  whereas  the  m.a-lreqiien- 
cy  peak  is  related  to  the  frequency  re¬ 
sponse  of  the  huroreceptor  reflex. 

To  study  the  frequence -specific  con¬ 
tributions  of  each  of  the  principal  cardio¬ 
vascular  control  systems  to  the  genesis 
of  the  heart  rate  fluctuations,  we  have 
measured  the  power  speed  urn  of  these 
fluctuations  in  trained,  conscious,  un- 
anestheti/ed  dogs.  In  these  experiments 
the  different  cardiovascular  control  sys¬ 
tems  were  selectively  blocked  by  means 
of  specific  pharmacologic  agents:  glyeo- 
pyriolate  (0  01  mg  kg.  administered  as 
an  intravenous  bolus)  to  block  muscarin¬ 
ic  parasympathetic  transmission:  pro¬ 
pranolol  (0.1  mg  kg.  intrav  enous  bolus) 
to  block  the  sympathetic  (J-adrenergic 
receptors,  and  nonapeptide  converting 
enzyme  inhibitor  (0.3  mg/kg.  intrave¬ 
nous  bolus  followed  by  infusion,  0.003 
mg/kg  per  minute)  to  block  the  renin- 
angiotcnsin  system.  Adequacy  of  block¬ 
ade  was  demonstrated  by  abolition  of 
response  to  administration  of.  respec¬ 
tively,  acetylcholine,  isoproterenol,  or 
angiotensin  1. 

Arterial  and  venous  indwelling  cathe¬ 
ters  were  implanted  in  the  trained  dogs. 
During  each  experiment  the  arterial 
blood  pressure,  surface  electrocardio¬ 
gram  (ECG).  and  respiratory  activity 
were  continuously  monitored  and  re¬ 
corded  on  a  Hewlett-Packard  39bXA  FM 
magnetic  tape  recorder  An  electronic 
device  was  used  to  detect  the  K  waves 
from  the  recorded  LCG  and  then  to 
automatically  measure  and  digitize  the 
RR  interval  sequence:  a  NOVA  comput¬ 
et  was  used  to  compute  the  power  spec¬ 
trum  of  the  heart  rate  fluctuations  from 
the  RR  interval  sequence.  Typically.  5 
minutes  of  real-time  stationary  data  were 
used  to  compute  the  power  spectrum  in 
the  band  from  0.02  to  1.0  Hz.  I’riot  to 
each  pharmacologic  intervention.  20 
minutes  of  baseline  data  were  ohlamcd 
To  confirm  (he  siaiion.inty  of  (lie  data, 
and  Ihe  reproducibility  of  Ore  measure¬ 
ments.  we  examined  multiple  consecu¬ 
tive  300- second  blocks  ot  data  uu.lcr 
both  control  and  poslintcrxenlion  condi¬ 
tions.  We  I. mu I  that  (Ik  spectral  peak 
areas  vaned  In  no  mote  llun  '  to  10 
peieeni  Multiple  evpcnmenis  weie  per- 


hg  2  Block  diagram  of  short-term  eaiJio- 
vascular  control  illustrating  primary  indepen¬ 
dent  actions  of  the  parasympathetic.  d-s>m- 
pathetic  and  renin-angtotensin  systems. 


formed  on  each  of  seven  conscious, 
trained  dogs. 

The  heart  rate  power  spectrum  in  the 
dog  contains  the  three  peaks  described  in 
the  human  by  Sayers  (4)  tFig.  la).  In  any 
given  spectrum  one  or  more  of  the  three 
peaks  may  not  be  evident  because  of  low 
amplitude  or  overlap.  Furthermore,  the 
high-frequency  peak  will  not  be  present 
if  the  lespiratory  rate  exceeds  the  mean 
heart  rate.  Figure  lb  illustrates  the  effect 
of  parasympathetic  blockade  with  glyco- 
pyrrolate:  the  mid-  and  high-frequency 
peaks  are  abolished,  w  hile  the  amplitude 
of  the  low-frequency  peak  is  reduced. 
Combined  ^-sympathetic  and  parasym¬ 
pathetic  blockade  abolishes  all  heart  rate 
fluctuations  leading  to  a  metronomc-like 
heartbeat  (Fig.  lb).  Sympathetic  block¬ 
ade  alone  tends  to  reduce  the  low-fre¬ 
quency  peak's  amplitude,  but  this  effect 
is  not  consistent  because  of  the  low  tonic 
level  of  sympathetic  activity  in  the  rest¬ 
ing  dog.  To  better  characterize  the  ef¬ 
fects  of  autonomic  activity  on  the  low- 
frequency  peak,  we  varied  the  levels  of 
autonomic  nervous  activity  teflexogeni- 
cally  by  varying  arterial  blood  pressure. 
Arturiul  pressure  was  manipulated  by 
continuous  intravenous  infusion  of  either 
the  vasodilator  sodium  nitroprussidc  or 
the  vasoconstrictor  methov. munc.  l.’n- 
der  conditions  of  0-sy  mpulhetic  block¬ 
ade,  increasing  arterial  pressure — which 
reflexively  increases  parasympathetic 
activity — increases  Ihe  urea  under  the 
low-frequency  peak.  Under  conditions 
of  parasympathetic  blockade,  decreasing 
arterial  piessurc — which  icflcxivcly  in¬ 
creases  |3- sympathetic  activity — also  in¬ 
creases  ihe  aiea  under  the  low  -frequency 
peak  (Fig.  let.  Thus,  incte.ising  the  ac- 
livity  ot  either  the  sympathetic  or  para- 
sympailieiic  nervous  system  augments 


the  .i  t . i  under  ihe  low -It  c.jii.-ik  v  p.  ► 
Thcrefoie.  our  d.tia  indicate  that  ih.-  :\u 
sympathetic  nervous  swem  nic.'i  tics 
heail  rate  fluctuations  at  frequencies 
corresponding  to  the  mid  and  ti.eh  lut 
qucncy  peaks  of  the  power  speclnimS 
whereas  both  the  sympathetic  and  par 
sympathetic  systems  may  mediate  ’.hi 
low-frequency  fluctuations. 

Finally,  we  tested  the  effect  of  selec¬ 
tive  blockade  of  ihe  renin-angiotensin 
system.  In  three  of  four  animals  so  stud 
ied  we  observed  a  2-  to  4.5-fold  increase 
in  the  area  under  the  low-frequency  peak 
(Fig.  Id).  In  the  fourth  dog.  which  was  at 
autopsy  found  to  have  heartworms.  this 
response  was  not  noted. 

In  the  resting  dog  on  a  normal  salt  diet, 
blockade  of  Ihe  renin-. mgiotens.n  sy  *tcm 
leads  to  little  or  no  change  m  meat:  heart 
rate  or  mean  arterial  pressure.  However, 
the  data  presented  here  clearly  indicate 
that  such  blockade  can  lead  to  a  dramatic 
alteration  in  low-lrequencv  heart  rate 
fluctuations.  We  believe  that  this  nonin- 
vasive  analysis  provides  the  first  direct 
evidence  that  the  renin-angiotensin  sy  s¬ 
tem  plays  a  significant  role  in  short-tot  nt 
cardiovascular  regulation. 

The  physiologic  basis  for  our  results 
can  be  understood  in  terms  of  a  simple 
block  diagram  (Fig.  2).  The  sympathetic 
and  parasympathetic  nervous  systems 
arc  directly  responsible  for  modulating 
heart  rate  in  response  to  fluctuations  in 
sensed  variables  such  as  arterial  blood 
pressure.  However,  the  response  time  of 
Ihe  parasympathetic  nervous  system  is 
much  shorter  than  that  of  the  sympathet¬ 
ic  nervous  system  (7).  Therefore,  only 
the  parasympathetic  nervous  system  re¬ 
acts  rapidly  enough  to  mediate  high- 
frequency  fluctuations  in  heart  rate  cor¬ 
responding  to  the  mid-  and  high-frequen¬ 
cy  peaks  of  the  spectrum.  Both  the  s  >  in- 
pathetic  and  parasympathetic  systems 
are  capable  of  mediating  heart  rate  fluc¬ 
tuations  in  the  range  of  the  low-frequen¬ 
cy  peak.  Thus  the  change  in  power  spec¬ 
trum  of  heart  rate  fluctuations  with  auto¬ 
nomic  blockade  can  be  understood  sim¬ 
ply  in  terms  of  the  band-pass  properties 
of  these  systems. 

To  understand  the  effect  of  converting 
enzyme  inhibitor,  wc  note  that  the  origin 
of  the  low -frequency  peak  in  the  hc.ut 
rate  power  spectrum  rrobably  origm.iics 
from  fluctuation  in  pciiphci.il  vasomotor 
tone,  leading  to  pcrimh uions  in  centra1 
venous  and  aiUn.il  piesMiies  (Ol  Our 
data  suggest  the  possib.liiy  that  the  tome 
activity  ol  the  renin -angiotensin  system 
normally  damps  the  amplitude  of  ihcsi 
fluctuations  m  peripheral  vasomotor 
lone:  blocking  Ihe  reniii-am-.totcnsin  sys¬ 
tem  leads  a  l.uge  me i case  m  itu 
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Amplitude  of  these  fluctuations  in  vu>j 
.  mo  .or  tone  and  tnus  the  perturbation  (i> 

sensed  blood  pres-ures.  These  larger 
perturbation'-,  occurring  at  frequencies 
of  about  0.M4  H/.  are  in  turn  translated 
into  heart  rate  fluctuations  at  these  fre¬ 
quencies  through  the  mediation  of  the 
autonomic  nervous  system  IM.  Our  data 
strongly  suggest  that  the  renm-angioten- 
sm  system  indeed  plays  an  important 
role  in  maintaining  the  short-term  stabil¬ 
ity  of  the  cardiovascular  system  under 
conditions  of  normal  salt  intake.  Previ¬ 
ously.  blockade  of  the  renin-angiotensin 
system  could  orrty  be  demonstrated 
to  lead  to  physiologically  significant 
changes  in  the  salt-deprived,  or  other¬ 
wise  stressed,  animal  (.?). 

Quantitative  analysis  of  fluctuations  m 
hemodynamic  parameters  is  a  powerful 
quanttatUic  owns  of  yxobirtc  mecha¬ 
nisms  of  short-term  cardiovascular  con¬ 
trol.  We  believe  that  this  approach  could 
provide  a  vet'-utile.  nonimasive  Jtnie.d 
method  for  assessing  the  integrity  of  the 
cardiovascular  control  system  in  a  vari¬ 
ety  of  disease  states. 
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k-jv,  F.  K.  Poller.  J  Hh\unt  '/ .mJ.'ui  294.  ft1/ 
lis-s.l  base  'b->ivn  *h.i!  .rea-unsin  II  inhibits 
vagal  parasvmpathetiv  million  through  a  central 
nervous  mechanism  In. is  blockade  nl  the  re- 
r.inangiolv-n-in  -veem  might  be  espectcd  lo 
increase  vagal  uvtivitv.  whwh  should  increase 
all  peaks  in  the  power  spectrum  Our  da:  vshovv 
a  dramafn:  selective  etTc.  ‘  i'n  the  tow  -treguenev 
peak,  which  c.ir.r.o-  Pc  ailubuicd  therefore 
merclv  lo  an  in.  1  ease  m  overall  vagal  acliviiv 
We  believe  ihis  freuuencv -specific  effect  is 
prohjblv  due  to  chances  in  the  amplitude  of  the 
fluctuations  of  ihe  peripheral  resistance  upon 
blockade  of  the  renin-aneioiensm  sv  stems 
*t  This  studv  was  suppi-nted  bv  a  gram  from  the  R 
J.  Revnolds  Industries.  MM  grants  SO-1  RR 
iTlbT  and  HL  194ft*.  NSI  grant  ECSTuJMdl. 
and  ONR  grant  NfhHHIM  PO-Cal52(l  S..A.  is 
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Reaction  of  Monosaccharides  with  Proteins: 
Possible  Evolutionary  Significance 
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Abstract.  Measurements  were  made  of  the  rate  of  coitdcnsapfo yof  various 
monosaccharides  with  amino  groups  of  hemoglobin  to  form  ScItifTbase  linkages.  The 
ttwificits  uf'ertrA  Uty/ur  uut  UrpaueUta  «m  (Itr  ccUtiM  hi  tekub  tit  rents  ut  Uu-  il;i-v 
(carbonyl)  structure  rather  than  in  the  ring  I hemiacetal  or  hemikctal)  structure. 
Among  the  IS  monosaccharides  tested,  aldoses  showed  higher  reactivities  than 
keUiSis.  Ghn  o.iC  vi/.v  thi  leys!  tluttin  I  if  tin  otdidilSoMS.  The  tlfitigemt  *>( 
glucose  as  the  primary  metabolic  fuel  may  he  due  in  part  to  the  high  stability  of  its 
ring  stria  ture  which  limits  potentially  deleterious  nonenzymatic  glyco.sylaiion  of 
proteins. 


As  a  rule  chemical  reactions  in  living 
tissues  are  under  strict  enzymatic  con¬ 
trol  and  conform  to  a  tightly  regulated 
metabolic  program.  One  of  the  processes 
implicit  in  biomolecular  evolution  is  the 
minimizing  of  unwanted  side  reactions. 
Nevertheless,  uncontrolled  and  poten¬ 
tially  deleterious  reactions  occur,  even 
under  physiologic  conditions.  Examples 
include  deamidation,  transanyidination. 
sulfhydryl  oxidation,  and  lipiyi  peroxida¬ 
tion.  Recently,  attention  has  focused  on 
the  nonenzymatic  condensation  of  glu¬ 
cose  with  proteins  to  form  stable  cova¬ 
lent  adducts.  Under  physiologic  condi¬ 


tions.  glucose  in  solution  exists  as  a 
stdtye  pyranose  ring  structure  in  equilib¬ 
rium  <v<th  the  open  chain  aldehy  de  form: 
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The  most  abundant  minor  hemoglobin 
component  in  human  red  cells.  HbA|C,  is 
formed  by  the  reaction  of  the  aldehyde 
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|  0.10 
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Incubation  (hour*) 


Fig.  I.  Measurement  of  k,.  the  rale  of  condensation  of  monosaccharide  with  hemoglobin,  bv 
two  methods:  tit  incubation  with  unlahcled  sugar  and  reduction  of  aldimine  linkage  with  it 
labeled  eyanoborohyditde  (  .  *:  (ii)  incubation  with  IJC-labcled  sugar  and  reduction  with 
unlahcled  cvannhoiohydride  <•»:  tlelll  12  m.t/  u-g.ilaetose:  k,  1.9  ■  It)  ’  m\f  1  per  hour, 
Irightl42m.t/  u-glueose:/.,  =  lift  s  10  'm.t/  1  per  hour.  The  in'tial  rapid  rateofincoipoiati.n 
of  D-|MC'|glucosc  can  be  explained  by  the  small  amount  of  rapidly  reacting  impurity  remaining 
in  the  preparation  t II.  IS). 
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